The neurexin-1 gene (NRXN1) has been shown to play a fundamental role in synaptogenesis and synaptic maintenance, as well as Ca 21 channel and NMDA receptor recruitment. A recent study reported that NRXN1 is associated with nicotine dependence (ND); this, together with the intriguing physiological functions of the gene, motivated us to investigate the involvement of NRXN1 with ND in independent samples. In this study, we analyzed 21 single nucleotide polymorphisms (SNPs) within NRXN1 for association with ND, which was assessed by smoking quantity (SQ), the heaviness of smoking index (HSI) and the Fagerströ m test for ND (FTND). Individual SNP and haplotype association tests were carried out in a sample consisting of 2037 individuals from 602 nuclear families of African-American (AA) or EuropeanAmerican (EA) origin. Individual SNP analysis revealed significant associations of rs2193225 with SQ, HSI and FTND (P 5 0.00014 -0.0010) in the EA sample and with SQ (P 5 0.0019) in the pooled sample under the dominant model and rs6721498 with SQ, HSI and FTND in the AA (P 5 0.000090 -0.0000086) and pooled (P 5 0.0010 -0.00099) samples under the additive model, following correction for multiple testing. Haplotype analysis revealed six major haplotypes in the AA sample (minimum P-value 5 0.000079), one major haplotype in the EA sample (P 5 0.0062) and five major haplotypes in the pooled sample (minimum P-value 5 0.00083), which showed significant association with all three ND measures; all of these contained one specific allele from one of the two aforementioned SNPs. Based on our findings that NRXN1 has significant association with ND in two independent samples, recent findings that NRXN1 plays an important role in synaptic development, and the previous report of association, we conclude that this gene represents a strong candidate for involvement in the etiology of ND.
INTRODUCTION
Despite the continued efforts of organizations and individuals, nicotine dependence (ND) continues to take a devastating toll on world health, primarily by way of cigarette smoking. In light of numerous epidemiological studies that indicate the importance of genetic factors in determining individual liability for ND (1, 2) , this continued smoking highlights the need for an improved genetic and molecular understanding of addiction. Identifying genetic factors that influence ND susceptibility has the potential to enhance individual pharmacological and preventative treatment options, and also to combat the difficulties that many dependent individuals find impossible to overcome. If future understanding of ND can † The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors. achieve these goals, the loss of 435 000 American lives and more than $157 billion could be avoided annually (3, 4) . There is currently a substantial effort dedicated to reaching these goals (5) .
Nicotine exerts its effect on the central nervous system by binding nicotinic acetylcholine receptors (6) , and has been shown to increase dopamine levels in the nuclear accumbens (7) . These molecular mechanisms are thought to underlie the rewarding and eventually addictive actions of nicotine. While the most obvious direct effects of nicotine result in changes in neurotransmitter release, there are likely complex multi-step pathways that are affected downstream from these actions such as neural circuit formation, which play a key role in ND development. Identifying genes involved in synaptic development and neural circuit formation has the potential to elucidate these pathways.
The neurexins are a trigenic family of proteins that function as cell adhesion molecules and play a key role in synaptic formation and maintenance (8, 9) . The three genes, NRXN1 (2q16.3), NRXN2 (11q13.2) and NRXN3 (11q13.2), produce both long a-neurexins and a truncated b-neurexins, which are regulated independently by their own promoters and are all predominantly expressed in neurons (10, 11) . Interestingly, neurexins undergo extensive alternative splicing, generating a great diversity of more than 2000 potential isoforms (10, 11) . These different isoforms of neurexins may display differential abilities to bind their extracellular ligands in the brain, which include neuroligins, neurexophilins and dystroglycans (8, 9) . First identified as receptors for the spider venom component a-latrotoxin to mediate neurotransmitter release (12) , neurexins are becoming more appreciated for their functional significance in binding to neuroligins to create a key link in synapse formation and maintenance (8, 9) .
A recent high-density genome-wide association study revealed that NRXN1 is significantly associated with ND in a European sample (13) . Additionally, another neurexin gene, NRXN3, was found to be associated with polysubstance (14) . Subsequently, it was reported that NRXN3 is significantly associated with alcohol dependence and that polymorphisms in NRXN3 might affect expression of NRXN3 isoforms (15) . These association results, taken together with the intriguing role of neurexins in synaptic organization and cell -cell recognition, make neurexin genes strong candidates for further genetic study on ND.
In this study, using a family-based analysis, we analyze single nucleotide polymorphisms and haplotypes within NRXN1, with a primary goal of providing an independent replication of the association of NRXN1 with ND reported in a case -control-based genome-wide association study (13) . Owing to the massive size (1.1 Mb) of the gene, 21 SNPs distributed throughout the gene including the three polymorphisms that were significantly associated with ND in previous report (13) , mostly intronic, were analyzed. Association analysis was performed on an independent set of sample consisting of 2037 individuals from 602 nuclear families of either African-American (AA) or European-American (EA) ancestry, using three selected ND measures: smoking quantity (SQ), the heaviness of smoking index (HSI) and the Fagerström test for ND (FTND).
RESULTS

Association analysis of individual SNPs
It has been documented that ethnic-specific characteristics of SNPs exist among ethnic groups (16, 17) and genetic differences underlying nicotine metabolism exist between different ethnic populations (18) . These characteristics and differences are highlighted in this study, as significant asymmetry is seen for individual association patterns in SNPs when comparing the AA and EA samples. Examining differences between the two samples also revealed significant intersample variation in allele frequencies for several SNPs (Table 1) . Therefore, all statistical analyses were performed separately on AA and EA samples to eliminate this potential source of heterogeneity. Data for the pooled sample are also given with the aim of illustrating the effect of merging the two datasets; we would expect association signals to become more strongly positive when findings in the different populations are combined, implying that our observed effect of them opposing each other reflects the effect of the same underlying functional variant.
Individual SNP analysis yielded multiple significant associations. SNP rs6721498 showed significant association with the three ND measures (P ¼ 0.0000086 -0.00090; Table 2 ) in the AA sample under both dominant and additive models. The pooled sample showed significant association with all three ND measures under the additive model (P ¼ 0.000099-0.0010) and with FTND under the dominant model (P ¼ 0.0013). On the other hand, SNP rs2193225 showed significant association with all analyzed ND measures under the dominant model in the EA sample (P ¼ 0.00014 -0.0010; Table 2 ). The pooled sample also showed positive association with SQ (P ¼ 0.0019) under the dominant model. All these above associations remained significant after correction for multiple testing. Additionally, five analyzed SNPs showed significant associations with one or more phenotypes in the AA (rs10490227, rs10208208 and rs1045881), EA (rs10490162 and rs10208208) and/or pooled samples (rs11125321 and rs10208208) under the additive or dominant model before correction, but failed to maintain significance after correction for multiple testing (Table 2) .
Haplotype analysis
The selected 21 SNPs distribute distantly over the large gene of NRXN1, which spans .1 Mb on human chromosome 2. Nonetheless, we employed the Haploview program (19) to calculate the pair-wise D 0 values for all SNPs and to detect all haplotype blocks accruing to the criteria defined by Gabriel et al. (20) . As shown in Figure 1 , we found one block (rs1045881 -rs971732, 6 kb) that was detected consistently in the AA, EA and pooled samples, and another block (rs12467557 -rs12623467, 17 kb) that was detected only in the AA and pooled samples.
Since there were no large haplotype blocks containing more than two SNPs found in our AA, EA or pooled samples, we further performed haplotype association analysis for all possible consecutive three-SNP combinations of the 21 SNPs genotyped (i.e. 'sliding window' analysis). In the AA sample, each of the three possible consecutive three-SNP combinations containing rs6721498 (labeled as no. 11 in Table 3 ). The EA sample showed no significant association for any ND measures within this five-SNP window surrounding rs6721498 (minimum P ¼ 0.22; (Table 3) .
On the other hand, the analysis of haplotypes for the three-SNP combination of rs2052328, rs2193225 and rs3850333 (labeled as SNPs 5 -7 in Tables 3 -5 ) yielded similar but opposite results. One haplotype (C -G -T) showed significant association with HSI and FTND in the EA population prior to correction, and retained significant association with SQ (P ¼ 0.0062; number of families ¼ 47; global P-value ¼ 0.0035; Table 4 ) after correction. No significant association of this haplotype with any ND measure was detected in the AA or pooled sample.
DISCUSSION
The fundamental roles that neurexins play in synapse development and maintenance (8, 9) , along with previous reports of neurexin genes association with addiction to nicotine and other substances (13 -15) , make the NRXN1 gene a plausible candidate for association with ND pathology. To test for this association independently, we selected 21 SNPs within NRXN1 and genotyped them in a set of samples containing 2037 individuals from 602 EA and AA nuclear families. Three measures for ND were used to characterize phenotypes, and associations for each of these phenotypes were performed for all SNPs as well as all consecutive three-SNP combinations. By using a family-based sample, along with separating populations by ethnicity, we were able to eliminate or minimize potential population stratification.
Association analysis of 21 SNPs within NRXN1 revealed significant individual SNP and haplotypes associations with ND. Individual SNP analysis revealed a significant association of rs2193225 with ND in the EA sample for all the ND measures under both additive and dominant models, but yielded no significant associations in the AA population. The opposite effect was observed for rs6721498, which showed significance for all phenotypes under both additive and dominant models in the AA sample, but not in the EA population. Haplotype analysis showed a similar pattern regarding the two populations. All consecutive three-SNP combinations containing rs6721498 showed significance for one or more haplotypes using all three phenotypes in the AA sample (Table 3 ), but none of these haplotypes approached significance in the EA population (Table 4) . Similarly, the C -G-T haplotype in the three-SNP combination of rs2052328, rs2193225 and rs3850333 showed significant association with all three phenotypes prior to correction for multiple testing, and with SQ following correction in the EA
sample, yet showed no significant association with any ND phenotypes in the AA population. Our results provided an independent replication of the association of NRXN1 with ND at the gene level, which was previously reported by Bierut et al. (13) in a genome-wide association study. In that case -control study with FTND as the ND measure, three SNPs (rs10490162, rs12467557 and rs12623467 in intron 1) were found significantly associated with ND in a set of sample consisting of Americans and Australians of European descent (13) . However, in our familybased association analysis, we found only one of the three SNPs (rs10490162) had marginal significant association with ND in our EA sample, which did not remain significance after correction for multiple testing. On the other hand, we detected rs2193225 in intron 3, which is not so far away from the three SNPs in intron 1 but, not tested by Bierut et al., had more significant association with ND. The potential reason for such a discrepancy of the three SNPs between the two studies may be more or less related to the origins of each sample used in these two studies. The participants of the Bierut et al.'s sample were from different geographical locations in the USA and from Australia, whereas the samples used in the current study were primarily from the Mid-South states of the USA. Additionally, several other factors, such as different experimental designs (case -control versus family based) and sample sizes, may also contribute such differences at individual SNP level. However, at the gene level, we do replicate the result reported by Bierut et al. in which there exist a significant association between NRXN1 and ND. Thus, we think the evidence of NRXN1 associated with ND in EA population from two independent studies merits further investigation in the susceptibility regions of introns 1 and 3. Genotyping more SNPs in these areas may help find the causative loci that contribute to ND in EAs. As in the other genetic studies (16, 17) , the ethnic specificity is also evident in our study on association of NRXN1 with ND. In contrast to the ND susceptibility regions of introns 1 and 3 for the EA population, we observed an ND susceptibility ; for the dominant model are given at the bottom (B); (ii) the adjusted P-value at the 0.05 significant level after Bonferroni correction for five (11 -12 -13) , six (5 -6-7, 10 -11 -12) and eight (9 -10 -11) major haplotypes is 0.010, 0.0083 and 0.0063, respectively, (iii) only the lowest P-value given by any model is shown for non-significant associations and (iv) age and gender were used as covariates for all calculations. Associations remained significant after correction for multiple testing are given in bold. (i) Only the test results for the additive model are given, in which P-values are lower than those in the dominant model; (ii) the adjusted P-value at the 0.05 significant level after Bonferroni correction for three (11-12-13) , five (5-6-7, 10-11-12) and seven (9-10-11) major haplotypes is 0.017, 0.010 and 0.0071, respectively. Associations remained significant after correction for multiple testing are given in bold.
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region around SNP rs6721498 in intron 14 of NRXN1 specific for the AA sample. Since NRXN1 is a large gene and a relatively loose density of SNPs was genotyped in the current study, we think it will be necessary to genotype more SNPs around the region where SNP rs6721498 is located in order to find potential causative loci within the region that contribute to the observed association of the gene with ND in our samples. Given that no participants were of AA origin in the Bierut et al.'s study, our significant association results of NRXN1 with ND in our AA sample provide first evidence on the involvement of NRXN1 in the development of ND in this ethnic group. Each neurexin gene has at least two promoters to produce aand b-neurexin. Further, alternative splicing is able to generate multiple potential isoforms of neurexins (10, 11) . These different splicing variants of neurexin, along with splicing variants of its binding partner, neuroligin, have been largely suggested to play distinct roles in cell -cell recognition, synaptic organization and synaptic signaling (8, 9) . To date, no polymorphisms in NRXN1 have been found to change the amino acids, whereas more polymorphisms have been found in the introns of this large gene. Some of these intronic polymorphisms may contribute to determining alternative splicing of NRXN1 and altering expression of specific NRXN1 isoforms, which further determines the generation of synapse specificity and influences the formation of neural circuits that are keys to addiction behaviors. If so, finding such polymorphisms that are associated with ND may help determine their predisposing role of NRXN1 in ND. Recently, a polymorphism in NRXN3 associated with alcohol dependence was found to be associated with altering expression of NRXN3 isoforms (15) , which gives a good implication.
In summary, our results indicated that NRXN1 has significant association with ND in two independent AA and EA samples, which not only replicate the previous association report in Caucasians, but also extend the association in the AA population. These genetic associations along with the intriguing physiological role of neurexins make NRXN1 a strong candidate for further investigation into the molecular and genetic mechanisms underlying ND. In addition, we provide evidence for substantial differences between the two ethnic samples. Given that NRXN1 is such a large gene, we believe that our indicated susceptibility regions within NRXN1 for the AA and EA populations, separately, will help us pinpoint potential causative loci for the observed association of the gene with ND in two separate ethnic groups in the future.
MATERIALS AND METHODS
Participants and ND measures
Participants in this family-based study were either of AA or EA origin, recruited between 1999 and 2004 primarily from the mid-South states within the USA. Criteria for eligible proband smokers consisted of: being at least 21 years of age, having consumed an average of 20 cigarettes per day for 12 months prior to recruitment, having smoked for a minimum of 5 consecutive years and being free of any current psychiatric diagnosis, with the exception of alcohol dependence. As for the parents and siblings of an eligible proband smoker are concerned, we recruited as many as we can regardless of their smoking status. Data collected for individuals and families included demographic information, such (11 -13) , five (10 -12), six (5 -7) and eight (9-11) major haplotypes is 0.013, 0.010, 0.0083 and 0.0063, respectively, (iii) only the lowest P-value given by any model is shown for non-significant associations and (iv) age and gender were used as covariates for all calculations. Associations remained significant after correction for multiple testing are given in bold.
as age, sex, race, biological relationships, weight, height, education and marital status. Data related to medical histories, currents and past smoking behavior and personality traits were also collected using various questionnaires that are available at the NIDA Genetics Consortium website (http://zork. wustl.edu/nida). All participants provided informed consent, and the study protocol and forms were approved by all participating institutional review boards. In order to quantify ND for each smoker, three of the most commonly employed measures in published studies on ND were used. These include SQ, HSI (0 -6 scale) and FTND (0 -10 scale) (21) . There is no current consensus as to which measure provides the best overall assessment of ND, and performing association analysis for each individual ND measure can give different insights that selecting one specific measure cannot. SQ provides a straightforward index for total consumption, whereas HSI adds another question that assesses smoking urgency, i.e. 'How soon after you wake up do you smoke your first cigarette?' FTND includes the HSI factors, but adds other behavioral indicators that relate smoking to specific circumstances. The use of multiple measures also allows for cross-referencing with other studies, regardless of their chosen measure. There is a fairly robust correlation between these measures, ranging from 0.88 to 0.94 for both samples.
The study included 2037 participants (1366 AAs and 671 EAs) coming from 602 nuclear families (402 AAs and 200 EAs). Average participant age was 39.4 + 14.4 (SD) years for the AA sample and 40.5 + 15.5 years for the EA sample. Average nuclear family size for AAs was 3.14 + 0.75 and 3.17 + 0.69 for EAs. The average HSI and FTND scores for AA smokers were 3.7 + 1.4 and 6.25 + 2.15 and 3.9 + 1.4 and 6.33 + 2.22 for EA smokers, respectively. The average number of cigarettes smoked per day by AA and EA smokers was 19.4 + 13.33 and 19.5 + 13.4, respectively. More detailed descriptions of demographic and clinical data for participants can be found in previous publications (22 -24) .
DNA extraction, SNP selection and SNP genotyping DNA was extracted from participant blood samples using the QIAamp DNA Blood Maxi Kit, purchased from Qiagen Inc (Valencia, CA, USA). SNP selection was based on the minor allele frequency (.5%; as listed in the NCBI dbSNP database) and optimal coverage of the gene. Three SNPs (rs10490162, rs12467557 and rs12623467) that were significantly associated with ND in previous genome-wide association study (13) were intentionally included. Information regarding each SNP is given in Table 1 .
Each SNP was genotyped using a TaqMan SNP Genotyping Assay purchased from Applied Biosystems (Foster City, CA, USA). Reactions were run in 384-well plates, with total reaction volumes of 7 ml. Each reaction contained an MGB probe, primers, 15 ng of template DNA and 2.5 ml TaqMan Universal PCR Mastermix. Polymerase chain reaction conditions were: 508C for 2 min, 958C for 10 min and 40 cycles of 958C for 25 s and 608 for 1 min. Allelic discrimination analysis was carried out with an ABI Prism 7900HT Sequence Detection System (Applied Biosystems). Each plate was qualitycontrolled with four no-template controls, as well as eight DNA-containing positive controls which were monitored for consistency.
Linkage Disequilibrium (LD) and association analysis
The program Haploview (19) was used to determine pair-wise LD between all SNPs using the option of determining blocks based on the criteria defined by Gabriel et al. (20) . Haploview was also used to detect inconsistencies in Mendelian inheritance, which would suggest nonpaternity or genotyping errors. Thirty-six genotyping errors from a total of 41 832 assays (0.08%) were identified and deleted from further analysis.
The three phenotypic ND measures discussed earlier were individually used to assess the association of ND with all 21 SNPs using the PBAT program (25) . Age and sex were used as covariates within the PBAT program due to evidence that they influence ND differently (1,26 -29) . The FBAT (30) program was used to measure the association between all possible haplotypes in consecutive three-SNP combinations and the three ND measures. For both individual SNP and haplotype analysis, both additive and dominant models were used. All associations designated as significant were corrected for multiple testing of number of SNPs analyzed in the study using the SNP spectral decomposition (SNPSpD) method (31) for individual SNP analysis (which, unlike Bonferroni correction, accounts for correlation between SNPs). The SNPSpD method was favored because Bonferroni correction tends to be too conservative and overcorrects for inflated falsepositive rates, resulting in a reduction of power. Bonferroni correction was used for Haplotype analysis though, as the SNPSpD method cannot handle correction for haplotypes.
